The chemotaxis genes cheR, cheB, cheY, cheZ, and tar of Salmonella typhimurium were cloned into bacteriophage X vectors and onto pBR322 plasmids by recombinant DNA techniques. The genes were linearly arranged in the order tarcheR-cheB-cheY-cheZ (and were read from a promoter on the upstream side of the tar or cheR gene). However, their stoichiometries of expression were found to be 4:1:1:18:3, respectively. The overexpression of the cheY gene appeared to be a function of translational control. These five che genes were placed on a multicopy plasmid, and the gene products were overproduced in the cells, as shown bv enzyme assays. The overproduction of the products of these five genes relative to those of the other che genes caused some changes in chemotactic properties, but no dramatic destruction of sensing ability.
Chemotaxis allows a bacterium to swim towards favorable environments and away from unfavorable ones and thus optimize its chances for survival. Mutants have been uncovered at several levels in both Escherichia coli and Salmonella typhimurium (the two most commonly studied species): at the receptor level, which eliminate responses to specific chemicals; at the transmembrane signaling component (tar, tsr, trg) level, which eliminate responses from several receptors which are funneled through that component; and at the central processing level, which eliminate responses to all chemotactic signals (che mutants) (1, 4, 5, 29, 34) . By examining a large number of mutants, it has been shown that there are nine genes in the central processing system (5, 29, 39, 51) and that these genes code for structural proteins (39) .
Concurrently, biochemical experiments have identified a reversible protein carboxymethylation reaction involved in the chemotactic response (44, 46) . This reaction has been correlated with the genetic analysis of chemotaxis to identify the tar, tsr, and trg genes as coding for the methyl-accepting proteins (40, 43) , the cheR gene as coding for the protein methyltransferase (45) , and the cheB gene as coding for the protein methylesterase (46) . che genes have recently been cloned by Silverman and co-workers (24, 39) . In this paper, we report the cloning of six chemotaxis-related genes from S. typhimurium. We demonstrated that the che genes of these two species were very closely related and that their products were very similar both structurally and functionally. In addition, we examined closely the physical map of these genes and the stoichiometry of their expression. Finally, these genes were also cloned on a multicopy plasmid which permitted overproduction of the genes and their products in S.
typhimurium.
MATERIALS AND METHODS
Bacteria, plasmids, and bacteriophage. Table   1 is a complete list of the bacteria, plasmids, and bacteriophage used in this work, their properties, and their sources.
Media and selection procedures. TFryptone swarm plates contained 1.0'S trNrptone, 0.5%' NaCl, and 0.3'S agar (or 0.45'% agar for mini-swarm plates). L broth was 1.0% tryptone, 5% yeast extract, and 1.0(' NaCl, adjusted to pH 7.0 with NaOH. Agar was adde(d to 1.5% for plates and to 0.6' for top agar. Plates for growth of P1 phage were supplemented with 10 mM CaCl2, thymidine, and glucose. Nutrient broth was 0.8%:, with 0.5%E NaCl added. The citrate medium of Vogel and Bonner (50) and M9 and minimnal A media Plasmids   STI   SL4213   ST422  ST1038  TR2951   ST314   TT520   ST324   ST325   RP437  RP439  RP4303  RP4305  RP4306  RP4310  RP4315  RP4318  RP4372  ST401  ST402   RR1   ST403  SF8  C600 r-m+   N01386   N01406   P22 HT ' The genetic nomenclature system of Demerec et al. (12) and Sanderson and Hartman (38) is followed. hspLT means the strain carries a mutation in the hspLT gene. To indicate that the wild-type allele of a gene is present, a plus sign is used, hspLT+. This is understood unless noted otherwise. TnlO insertions are denoted by their map position, using a two-letter code as follows: zea-2: :TnlO is a TnlO insertion at 40 U. The z means that the other two letters denote the map position at e = 4 x 10 and a = 0 x 1, so zea is located at 40 U, zeb is at 41 U, etc. (38) . ' A chexl is a A phage with che genes from S. typhimurium. A chesl and A ches2 are both A phage carrying different che-gene-containing segments. A cheslA4 is a deletion (no. 4) of A chesl.
or ampicillin resistance was done with nutrient broth or L-broth plates containing 25 tig of tetracycline per ml and 1 mM ethylene glycol-bis(/8-aminoethyl ether)-N,N-tetraacetate or 25 tig of ampicillin per ml. The test for uvr and recA has been described previously (5) .
Strain construction. Generalized phage transduction was performed in E. coli with P1 kc (25) and in S. typhimurium with P22 HT int-4 (36) . P22 transduction ofgalE strains of S. typhimurium was done by growing the galE strains in the presence of glucose and galactose (15) . E. coli strains ST401 and ST402 were constructed from cheRE202 in E. coli RP4306 and cheA114 in E. coli RP4303 by P1 transduction into non-A lysogen strain E. coli RP437 with the nearby marker eda. E. coli ST403 was isolated as a temperature-insensitive, A-resistant derivative of E. coli RR1 by spotting A gt4 on a lawn of RR1. This strain was constructed as an acceptable recipient of plasmid DNA which avoided the tendency of normal strains to be killed by regenerate phage.
Strain ST422 was constructed to be an S. typhimurium recipient of pDK1 and was a recA derivative of strain SL4213. An srl-202:TnlO mutation of S. typhimurium TT520 was transduced into SL4213 by selection for tetracycline resistance. The recAl mutation from S. typhimurium TR2951 was then introduced by P22 transduction and selection for srl+. The resulting strain, ST422, was recA Tc' and had all of the mutations of SL4213 that make this strain easy to transform with plasmid DNA from E. coli (hspLT hspS ga/E).
Cloning of che genes. To clone the che genes of S. typhimurium, a library of EcoRI fragments was cloned into the vector A gt4, and hybrids carrying che genes were isolated by genetic selection. Bacterial DNA for cloning was isolated in high-molecularweight form by the method of Smith (41) , except that the number of cells was increased and the lysozyme-EDTA spheroplast procedure of Osborn et al. (27) Cloning procedures. For the most part, A phage were grown on susceptible strains of E. coli K-12 bacteria (usually C600 hsdR hsdM+) in top agar on fresh L broth plates. The methods for purification of A phage and A DNA have been described previously (8, 48) . The recovery of viable phage after the two Large amounts of plasmid DNA were purified by a modification of the cleared lysate method (21) . For cloning purposes, the plasmid DNA was further purified by ethidium bromide-CsCl density gradient centrifugation (18) . Ethidium bromide was removed from the DNA by extraction of the CsCl fraction with isopropanol.
Restriction enzyme digestions were carried out for Electrophoretic analysis of proteins. Gene products coded for by A hybrid phage were specifically labeled by the procedure of Jaskunas et al. (20) . Proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, using the discontinuous buffer system of Laemmli (23) in slabs of 1.6-mm thickness (2) .
RESULTS
Cloning of the che genes of S. typhimurium. Cloning of the che genes of S. typhimurium was achieved by starting with a library of EcoRI fragments. They were cloned into the A gt4 vector (28) Fig. 2b and c) . Those synthesized by A ches2 had molecular weights of 78,000, 68,000, 33,000, and 12,000.
To identify the polypeptides with the gene products, the various deletion phages listed in Table 2 were expressed in the irradiated host system (Fig. 3) Transdyne RTF scanning densitometer. The area under each peak was determined and then normalized to the molecular weight of the gene product as given in the text (tar, 63,000; cheR, 31,000; cheB, 40,000; cheY, 13,000; cheZ, 29,000). The cheB gene product was arbitrarily set at 1.0, and the other gene products were calculated relative to it. bSodium dodecyl sulfate-polyacrylamide gels were dried and then sliced. Radioactivity in each slice was counted in a scintillation counter as described in the legend of Fig. 6 . Normalization was performed as described in footnote a. This method did not resolve the cheR and cheZ gene products from each other. Numbers represent the averages of two experiments.
It was unlikely that this unusual stoichiometry was due to two promoters, one preceding cheR and one beginning at cheY, since polar mutants in the meche operon have been obtained. One of these mutations mapped in the cheB gene (S. typhimurium ST325), and ST325 failed to complement cheY and cheZ mutants. However, this mutant did restore chemotactic ability to cheY mutants when recombination was allowed to occur, evidence that the cheY gene was intact in the DNA but is not expressed due to polarity.
To rule out the contribution of any proteins other than the cheY gene product to the stoichiometry, irradiated E. coli was infected with X chesl or X cheslA4 and then incubated with radioactive methionine. X cheslA4 was a deletion of A chesl that retained only the tar gene, so labeled peptides in any region of the sodium dodecyl sulfate-polyacrylamide gel other than at 63,000 d were due to background from either the host or the X gt4 vector and not due to the che genes. The results of this experiment are shown in Fig. 6 . The two samples were normalized so that the total backgrounds (radioactivity between the peaks) were identical. Then the areas of the peaks above the background labeling were determined. The results of this analysis are shown in Table 3 . This experiment demonstrated that the cheY polypeptide was indeed over-expressed relative to the products of the other che genes in this system. (The one discrepancy between direct counting and densitometry was the amount of tar protein synthesized. We do not have a clear-cut explanation for this. If tar was not part of the same operon, this might have been due to day-to-day variation in expression of the genes.)
Overproduction of chemotaxis gene products. The plasmid containing the chemotaxis genes, pDK1, was used to introduce additional copies of the gene products into a cell. Although PBR322 was known as a multicopy plasmid, whether it produced more protein had to be proven. To test whether the plasmid actually overproduced the gene products, assays for enzyme activity were performed, since the cheR gene product is known to be a methyltransferase (45) and the cheB gene product is known to be an esterase (46) . When pDK1 was introduced into S. typhimurium strains and the cells had grown to late log phase in minimal medium, the specific activities of both the methyltransferase and the methylesterase increased approximately fourfold ( Fig. 2 illustrates how similar these proteins are structurally. The excellent complementation seen in these experiments and in previous ones (11) implies a similar functional similarity.
Correspondence between E. coli and S. typhimurium che genes. Functional homology between the che genes of S. typhimurium and E. coli was previously demonstrated by using Fprime plasmids to transfer E. coli genetic information into S. typhimurium (11) . In this study, the opposite transfer of genetic information was used. S. typhimurium che genes were incorporated into the X gt4 vector. Strong complementation by intact che genes was observed by abortive transduction and by lysogeny even when some of the S. typhimurium che genes were removed by deletion. In contrast, the complementation of S. typhimurium che mutants by E. coli F-prime plasmids containing mutant che alleles was weak in some combinations (11 should be possible to systematically engineer overproducing plasmids with selected che genes present and selected che genes absent. An analysis of the behavior of organisms containing these plasmids will further our understanding of the importance of the relative amounts of the enzymes which control bacterial chemotaxis.
